We report on optical studies of single InAs quantum dots grown on vicinal GaAs͑001͒ surfaces. To ensure low quantum dot density and appropriate size, we deposit InAs layers 1.4 or 1.5 ML thick, thinner than the critical thickness for Stranski-Krastanov quantum dot formation. These dots show sharp and bright photoluminescence. Lifetime measurements reveal an exciton lifetime of 500 ps. Polarization measurements show an exciton fine structure splitting of 15 eV and allow to identify the exciton and charged exciton transitions with linewidth as narrow as 23 eV. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3125430͔ Self-assembled quantum dots ͑QDs͒ proved an excellent system for the implementation of quantum bits 1-3 and as sources of single 4, 5 and entangled photons. [6] [7] [8] The most common technique for growing self-assembled QDs, the Stranski-Krastanov ͑SK͒ method, allows for the fabrication of QDs with good optical properties; nearly lifetime limited linewidth of the optical transitions in these dots makes them suitable for single spin measurement 9 and two photon interference. 10 The ability of controlling the position of selfassembled QDs would allow for more complex devices, and different attempts 11, 12 have been made in this direction. In particular a growth technique similar to the SK method has been used to produce rows of QDs ͑Ref. 13͒ on vicinal GaAs substrates. Although this technique gives some control on the lateral alignment of QDs, the study of the optical properties of such vicinal QDs has been limited to ensemble measurements so far. 14, 15 In this letter, we present a study of the optical properties of single InGaAs QDs, grown on a vicinal GaAs substrate by molecular beam epitaxy ͑MBE͒. The low QD density required for addressing single dots has been achieved by selecting a substrate with suitable misorientation angle and by exploring the subcritical regime of InAs island formation. 16 The high resolution spectroscopic measurements presented in this letter, combined with polarization selective and time resolved measurements, give a first contribution in identifying optical transitions in single QDs of this kind.
Self-assembled quantum dots ͑QDs͒ proved an excellent system for the implementation of quantum bits [1] [2] [3] and as sources of single 4, 5 and entangled photons. [6] [7] [8] The most common technique for growing self-assembled QDs, the Stranski-Krastanov ͑SK͒ method, allows for the fabrication of QDs with good optical properties; nearly lifetime limited linewidth of the optical transitions in these dots makes them suitable for single spin measurement 9 and two photon interference. 10 The ability of controlling the position of selfassembled QDs would allow for more complex devices, and different attempts 11, 12 have been made in this direction. In particular a growth technique similar to the SK method has been used to produce rows of QDs ͑Ref. 13͒ on vicinal GaAs substrates. Although this technique gives some control on the lateral alignment of QDs, the study of the optical properties of such vicinal QDs has been limited to ensemble measurements so far. 14, 15 In this letter, we present a study of the optical properties of single InGaAs QDs, grown on a vicinal GaAs substrate by molecular beam epitaxy ͑MBE͒. The low QD density required for addressing single dots has been achieved by selecting a substrate with suitable misorientation angle and by exploring the subcritical regime of InAs island formation. 16 The high resolution spectroscopic measurements presented in this letter, combined with polarization selective and time resolved measurements, give a first contribution in identifying optical transitions in single QDs of this kind.
In order to grow samples with different QD sizes and densities, four substrates were mounted in the MBE reactor, namely an exactly oriented GaAs͑001͒ substrate and three GaAs͑001͒ vicinal substrates misoriented by 3°, 5°, and 7°t oward the ͓100͔ direction. After oxide layer desorption, a GaAs buffer layer was grown at 600°C to ensure the translation of multiatomic steps according to the substrate vicinality. A 10 period GaAs/AlGaAs superlattice was then grown to block carrier diffusion to and from the substrate. After growing a 100 nm thick GaAs layer, the substrate temperature was lowered to 485°C and 1.4 or 1.5 InAs monolayers were deposited at a rate of 0.05 ML/s. The growth was then interrupted for 20 s. During this time QDs formed in the subcritical regime, as the InAs layer thickness was below the 1.7 ML critical thickness for SK dot formation. Under the thermodynamically controlled growth conditions typical of this regime, the predicted density is much smaller than the density of commonly used SK dots. 17 Additionally, the use of vicinal surfaces can allow for lateral ordering of QDs. 18, 19 The structure was finalized by a GaAs 70 nm cap layer.
We performed photoluminescence ͑PL͒ spectroscopy measurements on these eight samples under continuous wave and pulsed laser excitation. The sample grown on the 7°m isoriented substrate with a 1.4 ML InAs layer showed the narrowest emission linewidth and a low QD density, allowing to study single dots. In the following we discuss measurements on this sample only.
In order to measure on a single QD we looked for low density regions of the sample, based on PL spectroscopy. The resolution of our spectrometer is 30 eV, considerably smaller than the inhomogeneous distribution in the emission energy of different dots due to size fluctuations. We can therefore resolve a single dot by filtering the emission both spatially and in energy.
A typical spectrum from a QD grown on a 7°misori-ented substrate is shown in Fig. 1 , where different optical transitions can be resolved. The line at the highest energy is particularly bright compared to conventional SK dots ͑with-out a microcavity͒ 20 indicating that the effect of nonradiative processes is relatively small in these structures. Furthermore, the width of this line is smaller than the spectrometer resolution, suggesting these QDs could be used for sophisticated experiments where the selectivity in energy is a crucial requirement, such as spin entanglement in separated quantum systems. 21 The time evolution of the PL spectrum after pulsed laser excitation ͓Figs. 1͑b͒ and 1͑c͔͒ reveals a lifetime of the different states ranging from 300 to 600 ps. The maximum intensity of different transitions occurs at different times sug- gesting that the peaks could correspond to stages of a cascaded emission. Combining measurements of this kind with polarization measurements allows us to identify some of the lines.
In order to identify the exciton ͑X͒ and biexciton ͑XX͒ transitions in a QD we observe the dependence of the PL spectrum on excitation power. We expect the intensity ratio between the XX and X transition to increase with excitation power. Spectra taken at different powers ͓Fig. 2͑a͔͒ suggest that the middle line ͑B͒ could correspond to the XX transition. However, the time resolved measurement in Fig. 2͑b͒ does not confirm this hypothesis as lines A and C are visible at earlier times than line B. A possible explanation of these data is that, as the excitation power is increased, the dot is found in different charged states leading to the observation of charged excitons alongside the neutral one.
A technique which allows to discriminate between neutral exciton and charged exciton transitions is polarization tomography. 22 By measuring the projection of the PL spectrum on six different polarization states we can reconstruct, for each energy, the polarization state of the emitted photons. The neutral exciton state is usually split in energy 23 so that the corresponding X transitions are of slightly different energy and orthogonal linear polarizations. The charged excitons, on the contrary, are not split, due to the Kramers degeneracy, and give an unpolarized PL line. Due to this difference in polarization we can distinguish the exciton and charged exciton lines, as in Fig. 3 . Here the line on the low energy side shows a polarization structure suggesting that it corresponds to the X transition, while the other line is unpolarized and is attributed to a charged exciton.
To summarize, we report on intense and narrow ͑23 eV͒ emission from single QDs grown on a vicinal substrate. Polarization measurements reveal an exciton splitting of 15 eV. The good optical properties of these dots, together with the self-alignment induced by the growth technique could allow for experiments involving multiple, and possibly coupled, QDs. We show that the substrate misorientation angle can be used as an extra parameter to control the QD density and geometry, without compromising their optical properties. 3 . ͑Color online͒ ͑a͒ PL intensity for two orthogonal linear polarizations: horizontal ͑H͒ and vertical ͑V͒. The two components of the low energy peak are separated in energy by 15 eV and are attributed to a neutral exciton ͑X°͒. The high energy peak is not split and can therefore be attributed to a charged exciton ͑X ‫ء‬ ͒. ͑b͒ Degree of linear ͑circular͒ polarization in black ͑orange͒.
